We present a numerical study on the use of electrostatic force microscopy (EFM) as a non invasive subsurface characterization technique. We discuss the ability to resolve a buried object in a dielectric matrix considering two parameters: the detectability (i.e., signal superior to the noise) and the lateral resolution. The effects of the dielectric constant, thickness of the sample, and depth at which the object is buried are quantified. We show that the sensitivity reached in EFM permits to characterize subsurface objects in a dielectric matrix. We demonstrate that both lateral resolution and detectability decreases when the tip object distance increases. On the other hand, these two quantities increase with the dielectric constant of the matrix. A first step toward EFM tomography is proposed for objects creating non correlated signals. Electrostatic force microscopy (EFM) is a well known technique to characterize electrical and electrochemical properties of metals, semiconductors, dielectrics, and organic materials at the nanoscale. The lateral resolution of EFM has been largely studied at the surface of both metallic 1-3 and dielectric samples 4 and reaches nanometers values. In the DC mode and typical ambient condition, its great sensitivity allows measuring cantilever deflection of the order of the Å ngström 5 and frequency shift close to the hertz 6 corresponding to hundreds of pN forces and tenths of pN/nm force gradients, respectively. In their early work, Schönenberger et al. developed a polarizing optical interferometer with a sensitivity that permitted to monitor the recombination of single charge carriers.
We present a numerical study on the use of electrostatic force microscopy (EFM) as a non invasive subsurface characterization technique. We discuss the ability to resolve a buried object in a dielectric matrix considering two parameters: the detectability (i.e., signal superior to the noise) and the lateral resolution. The effects of the dielectric constant, thickness of the sample, and depth at which the object is buried are quantified. We show that the sensitivity reached in EFM permits to characterize subsurface objects in a dielectric matrix. We demonstrate that both lateral resolution and detectability decreases when the tip object distance increases. On the other hand, these two quantities increase with the dielectric constant of the matrix. A first step toward EFM tomography is proposed for objects creating non correlated signals. Electrostatic force microscopy (EFM) is a well known technique to characterize electrical and electrochemical properties of metals, semiconductors, dielectrics, and organic materials at the nanoscale. The lateral resolution of EFM has been largely studied at the surface of both metallic [1] [2] [3] and dielectric samples 4 and reaches nanometers values. In the DC mode and typical ambient condition, its great sensitivity allows measuring cantilever deflection of the order of the Å ngström 5 and frequency shift close to the hertz 6 corresponding to hundreds of pN forces and tenths of pN/nm force gradients, respectively. In their early work, Schönenberger et al. developed a polarizing optical interferometer with a sensitivity that permitted to monitor the recombination of single charge carriers. 7 Today, the characterization of subsurface objects in dielectric matrix is of the upmost importance. Among the area focusing on this topic, we will cite the study of charge decay and lateral spreading in oxide 8, 9 that would allow further scale-down of nitride trap memory and the incorporation of nanostructured materials, such as carbon nanotubes (CNTs) into polymeric films to improve material performance. [10] [11] [12] [13] However, only few techniques permit to study subsurface properties: the optical microscope is limited by light wavelength and electron based techniques can damage the sample. EFM has recently been used to resolve CNTs in polymeric matrix. Jespersen et al. obtained a three dimensional mapping of individual CNT in a poly-(methylmethacrylate) film 14 whereas Zhao et al. 15 reported a complete experimental study of CNTs in polyimide nanocomposite films, anticipating EFM as a promising technique for this kind of characterization. Shen et al. 16 used boundary based methods to quantitatively investigate electrostatic signals, including a study of discrete charges on the sample surface or sheet charges inside a dielectric. They also developed a formalism to predict the formation of images in Kelvin probe force microscopy from a prescribed charge distribution and solve the charge distributions from the image (forward and reverse problems, respectively). 17 In the following, we detail a numerical study that permits to understand the effect of the experimental parameters (dielectric constant and thickness of the sample, depth of the buried object) on the lateral resolution and detectability of subsurface objects using EFM. We will also demonstrate how the depth and the value of a point charge can be obtained.
The numerical simulation of the equivalent charge method (ECM) 6, 18 or generalized image-charge method 19 permits to compute the electric field, and, therefore, the additional force F and force gradient G (derivative of the force toward the tip sample distance d 0 ) created on the tip by a charge q 0 in a dielectric. The idea of ECM is to find a discrete charge distribution (N charge points q i at a distance z i on the axis x ¼ 0) that represent the tip by creating a given potential V at the tip surface. V i 0 and V i 1 are the potentials created by the charge q i in the air (e 0 ) and in the dielectric (e), respectively. For each q i , we introduce two series of images having a position and a value computed from the original position and value of the charge representing the tip (see references 6, 18 for more details). The core of the ECM is to find the value of the charges q i representing the tip that will satisfy the limit conditions (V Once the electrostatic problem is solved, we introduce the charge q 0 located inside the dielectric at a distance r 0 . In order to calculate the additional force on the tip, we will neglect the a)
Author to whom correspondence should be addressed. Electronic mail: riedel@ies.univ-montp2.fr. (2011) image charges induced on the tip due to the extra charge, i.e., we will assume that the charges in the tip are still given by the original set of q i . For a semi infinite dielectric, the normal component of the electric field due to q 0 in a point of coordinate r in the region above the surface is given by
0003-
For the case of real finite sample, this approach remains valid as long as the contribution of the substrate is negligible. We have checked that this contribution was inferior to 5% in all the data presented in this paper. Fig. 1 (a) exemplifies this calculation by representing the additional force created by a single charge q 0 ¼ 1.6 Â 10 À19 C in a medium having a dielectric constant e ¼ 4 and a thickness h ¼ 500 nm under a difference of voltage of 1 V between the tip and the counter electrode. The tip is simulated with classical experimental parameters: radius of R ¼ 30 nm, half cone angle h ¼ 15 , and tip sample distance d 0 ¼ 10 nm. Both samples and geometric parameters will hold for the entire study, unless otherwise specified. The value of the force is recorded at different depths Àz ¼ [2, 10, 50, 100, and 150] nm (dashed lines) and plotted in Fig. 1(b) . Fig. 1(c) represents the profiles of the force recorded just below the surface at z ¼À2 nm for different dielectric constants. Similar plots are obtained for the force gradient. Fumagali et al. have studied the volume of an insulator probed through the evaluation of the difference in the force density on the substrate with the probe at near and far distance from the surface. 20 In this manuscript, we will focus on two important parameters that appear in the profiles recorded in Figs. 1(b) and 1(c): the half width at half maximum that is defined as the lateral resolution and the maximum value of the signal (in x ¼ 0), that will determine the level of detectability.
We will first discuss the variation of the lateral resolution as a function of the experimental parameters and the possibility to determine the depth and value of a point charge. The maximum intensity decreases when both absolute depth (Fig. 1(b) ) and dielectric constant (Fig. 1(c) ) increase. However, we observe a broadening and a narrowing of the curves in Figs. 1(b) and 1(c) Fig. 2 where the lateral resolution is represented as a function of the depth for e ¼ 4 ( Fig. 2(a) ) and as a function of the dielectric constant at z ¼À 2 nm (Fig. 2(b) ).
In Fig. 2(a) , we observe that the value of the lateral resolution increases linearly with the depth for both the force and gradient. Therefore, even if the detection of an object buried far from the surface is possible, EFM will not permit a high resolution imaging. In Fig. 2(b) , the value of the lateral resolution decreases to the limit value of a metallic surface (e!1) when the dielectric constant increases. This result is in agreement with previous simulation at the surface of the sample. 4 If the setup is sensitive enough to detect object inside a high dielectric constant matrix, they will be resolved with a good lateral resolution. As it will be shown later for the detectability, when the sample is thick enough (h > 500 nm), the total dielectric thickness has almost no effect on the lateral resolution. As for the case of object at the surface of the sample [1] [2] [3] [4] due to shorter interaction range, the resolution is better in the gradient mode than in the force mode.
Let us now consider the situation pictured in Fig. 2(c) . We scan the sample over two charges having a value of q 0 and 5q 0 , buried at 2 and 50 nm below the surface of the insulator presented in Fig. 1(a) , respectively. We assume that the charges are separated enough to create non correlated signals. Fig. 2(d) presents the profile of the force recorded in this situation. From the value of the half width at half maximum, we are able to compute the depth at which the charges are burried, À z 0 , from Fig. 2(a) . Once À z 0 is known, the value of the charge can be calculated from the ratio between the maximum of the curves in Fig. 2(d) and the value of F(À z 0 ) simulated for one charge presented in the Fig. 3(a) , which will be introduced later. When signals of different charges overlap, realizing tomography with EFM is more complicated. One possible approach would consist in a deconvolution of the signal recorded at different tip sample distances as it is currently being developed for volume-scanning near-field microscopy. 
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We will now focus our study on the capability of EFM to detect charges, considering the value of the force and force gradient below the tip (over the x ¼ 0 axis in Fig. 1) .
The quantitative values of force and force gradient here presented, given for one buried charge under a difference of voltage of 1 V between the tip and the counter electrode, are to be compared to the experimental noise depending on each particular instrument, experimental conditions, and mode. The deflection of the cantilever and frequency shift Df are directly related to the force F ¼À kd, and force gradient G %À 2 kDf/f 0 where k and f 0 are the stiffness and resonance frequency of the cantilever. In the DC gradient mode and ambient condition, typical noises in cantilever deflection and frequency shift are of the order of the Å ngström 5 and hertz 6 corresponding to hundreds of pN forces and tenths of pN/nm force gradients, respectively. An object will be detectable if the additional force or force gradient created on the tip are superior to the noise levels. An easy experimental way to increase the signal in EFM is to increase the voltage between the tip and the counter electrode.
Figs. 3(a) and 3(b) represent the force and force gradient recorded as a function of the depth, respectively, below the tip (over the x ¼ 0 axis in Fig. 1 ) for two samples having a thickness of 500 nm and 2 lm. We observe that both force and force gradient decrease with the same trend for samples having total thicknesses of 500 nm and 2 lm. When the sample is thick enough, the total thickness does not affect the detectability. The second point is that the ratio between the signal created by a charge and the typical noise level is superior in the gradient mode that, therefore, presents a better sensitivity. For example, 2 nm below the surface, this ratio has a value of 1/100 in the force mode and 1 in the gradient mode, respectively. We remind that these numbers are given for the signal created by a single charge having a value q 0 ¼ 1.6 Â 10 À19 C under a difference of voltage of 1 V. In typical experimental conditions, for V ¼ 10 V, the DC force gradient mode allows detection of single carrier buried down to hundreds of nanometers whereas DC force only permits detection of objects having stronger charge (i.e., an object situated at 10 nm below the surface, having a charge of 10 q 0 under a voltage of 10 V).
The behaviour of both maximum of the force and force gradient (at x ¼ 0) as a function of the dielectric constant is presented in Fig. 3(c) for different depths. For the force, these numbers correspond to the ones of the maximum of F(x) presented in Fig. 1(c) . As expected, when the dielectric constant increases, the value of the force created by a charge at a constant depth inside the dielectric decreases. It is worth noting in Fig. 1(c) that the value of the force created by a charge just below the surface of a sample having a dielectric constant of 100 is still of the order of 0.1 pN (0.01 pN/nm for the force gradient, data here not presented) and would, therefore, allow a detection with a sensitive system. This screening effect is expected for the force, however, in Fig.  3(c) , we note a non monotonous variation in the force gradient that presents a maximum: in this mode, the stronger signal is obtained for an intermediate value of the dielectric constant. In agreement with Figs. 3(a) and 3(b) , we note that the intensity of both force and force gradient curves decreases when the tip-object distance increases.
In summary, we have presented a study of the detectability and lateral resolution of buried objects in dielectrics using EFM. The numerical value of the lateral resolution decreases when the dielectric constant of the matrix increases. Lateral resolution and sensitivity (i.e., ratio signal over noise) are better in the DC gradient than force mode. Even if the detection of objects buried far from the surface is possible, due to a monotonic dependence of the lateral resolution on the tip-object distance, high resolution imaging will only be possible close to the surface. Finally, the intensity of the signal decreases monotonously with the dielectric constant in the force mode whereas a maximum appears in the force gradient. The quantitative analysis here presented show that EFM is a reliable technique to characterize subsurface objects in a dielectric matrix. We proposed a first step toward tomography for samples presenting "dilute" point charges creating non correlated signals by the interpretation of both maximum and half width at half maximum of the signal recorded. Fig. 1(a) ). (c) Force and gradient recorded at different depth (at x ¼ 0) as a function of the dielectric constant.
